stimulation of the uptake of labeled thymidine (TdR) into the acid-soluble fraction of concurrently labeled cells, incorporation of the isotope into deoxyribonucleic acid (DNA) was progressively inhibited. The specific activity of infectedcell DNA was 48% of the control at 24 hr. The rate of incorporation of isotope from 12 to 24 hr was 43 and 13 counts per min per ug of DNA per hr for control and infected cultures, respectively. Owing to degradation of DNA, synthesis could not be accurately determined with the concurrently labeled cells. On the other hand, with prelabeled cells, quantitative isotopic methods could be used to determine the amount of DNA synthesized by measuring dilution of specific activity, even though infection triggered degradation of DNA into acid-soluble components. With this method, the DNA synthesized in infected cultures for 24 hr was approximately five times greater than the slight net increase determined by the diphenylamine reaction. The specific activity of infected-cell DNA decreased and then remained fixed after 24 hr, with 53% of the radioactivity appearing in the medium by 48 hr. No radioactive CO2 was detected as a consequence of DNA degradation. Infected cells lost ribonucleic acid (RNA) as well as DNA; RNA and DNA were reduced by 64 and 50%, respectively, at 48 hr. The degradation of DNA was effectively inhibited by chelating agents in situ and is thought to be due to a deoxyribonuclease. Preliminary experiments with extracts of infected cells support this observation. The relationship of deoxyribonuclease to the synthesis of viral DNA remains to be determined.
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Previous studies have shown that equine abortion virus (EAV) produces in the golden Syrian hamster a rapidly lethal infection characterized by viremia and hepatitis, with most of the parenchymal cells bearing Feulgen-positive inclusions. The growth cycle is complete, and the titer reaches a maximum in blood and liver between 9 and 12 hr (Randall and Bracken, 1957) . Darlington and Randall (1963) have shown that EAV isolated from hamster blood is of the deoxyribonucleic acid (DNA) type. Tajima, Shimizu, and Ishizaki (1961) obtained essentially the same growth curve as that noted above. Randall and Lawson (1962) reported the adaptation of the virus to L-M cell cultures. Further studies (unpublished data) indicate that the growth cycle is similar to those cited.
During the course of studies concerned with the mechanism of viral replication, it became apparent that host-cell DNA was being degraded into acid-soluble components. Studies of metabolic alterations in viral-infected animal cells are numerous, but reference will be limited to several pertinent examples of viruses of the DNA type (similar to EAV) that apparently replicate in the nucleus. Adenovirus infection of tissueculture cells results in synthesis of increased quantities of DNA, ribonucleic acid (RNA), and protein (Ginsberg and Dixon, 1959; Green and Daesch, 1961) . Green (1962) found that infection with adenovirus did not alter the extent of incorporation of uridine into DNA or RNA, and that incorporation of P32-ortho-phosphate into RNA and DNA was markedly stimulated (Green,VOL. 86, 1963 NUCLEIC ACID EFFECTS OF EQUINE ABORTION VIRUS amount per nucleus does not increase (Kaplan and Ben-Porat, 1959 (Newton and Stoker, 1958) . A most interesting finding was that of Wildy et al. (1961) , who showed a net increase of DNA per nucleus with herpes-infected cells, but a depression of the rate of incorporation of tritiated thymidine (H3TdR). More to the point, none of the studies with animal viruses, of which we are aware, has shown that degradation of DNA was a feature of the infection.
The study reported here emphasizes quantitative sequential changes in nucleic acid metabolism that occur in the intact viral-infected cell in log-phase suspension cultures over a period of many hours, measured by biochemical and isotopic methods. It will be shown, by the use of prelabeled cells, that over-all DNA synthesis may be measured by dilution of specific activity at the same time degradation of DNA is occurring. It remains for further work to show whether the described changes are merely related to cell death or are in some way implicated in viral replication.
MATERIALS AND METHODS
Tissue-culture system. The cell (originally Earle's L cell) used in this study was obtained from D. J. Merchant, University of Michigan, Ann Arbor, and is designated L-M. The conditions of maintaining monolayer cultures in prescription bottles and suspension cultures rotated in Erlenmeyer flasks have been reported (Randall and Lawson, 1962) . The serum-free medium used in that study, and in the present one, is referred to as YELP, and in all cases was "conditioned medium"; i.e., it had been in contact with logphase cells for 24 hr before harvesting for subsequent use.
Virus. The strain of EAV used in this study has been adapted to L cells, and the virus may be assayed by the plaque technique, as reported by Randall and Lawson (1962) . Stock Gentry, Walker, and Randall (1962) . (ii) The whole dried cellular residue after cold acid-soluble extraction and alcohol wash was defatted and separated into RNA, DNA, and protein (Gentry, Randall, and Darlington, 1960) . The acid-precipitable residue was then treated in the same way as that described in the next procedure. (iii) The residue, without alkaline digestion and separation of DNA and RNA, was extracted twice with 1-ml portions of 0.5 N PCA to a final volume of 4 ml. Samples (1 ml) were used for chemical and scintillation counting analyses. Since the third procedure gave recoveries comparable with those of the other methods, it was used exclusively because of its ease and simplicity. With this method, the cold acid-insoluble residue radioactivity is equivalent to DNA radioactivity.
The colorimetric methods of Mejbaum (1939) and Burton (1956) were used to measure the RNA and DNA content, respectively, of L cells.
Isotope techniques. Radioactive precursors were utilized in three separate types of experiments. (i) In one, H3TdR at a specific activity of 1.88 c/mmole was added at the same time as the virus. The initial concentration during the period of virus fixation and after dilution with growth medium was 0.4 Me/ml (TdR concentration, 0.21 ,M).
(ii) Another set of experiments concerned prelabeled cells. To obtain these, suspension cultures containing 0.5 gc/ml of H3TdR were incubated for 3 to 4 days, the cell number increasing 2.5-to 3-fold. At this point, the cells were collected by centrifugation and washed free from isotope, and, after 24 hr in medium without H3TdR, the cultures were divided as above for inoculation of virus. Samples were taken at intervals for determination of cloning efficiency as a measure of cell viability; cell killing was approximately 100%. (iii) Studies with TdR-2-CI4 (New England Nuclear Corp., Boston, Mass.; specific activity of 25 mc/mmole) were carried out to determine whether the degradation of DNA was accompanied by conversion to C402. L cells in the log phase were grown in YELP containing 0.05 ,uc/ml of medium (TdR concentration = 2.0,M). After 48 hr, the prelabeled cultures were divided and infected as described above. The method of detecting C'402 was a modification of that of Eisenberg (1958) in that standard Warburg vessels were used, and the whole procedure was controlled with a Na2C'403 standard (Nuclear-Chicago Corp., Des Plaines, Ill.). The radioactivity of the liquid fractions of all cultures (medium, cold acid-soluble extracts, and hot PCA extracts) was determined on 1-ml samples which were dried in vacuo in 20-ml screw-cap vials and digested with 1 ml of hydroxide of Hyamine 10-X in the same manner as the whole-cell residues mentioned earlier. After complete solution, 10 ml of toluenescintillator [5 g of 2,5-diphenyloxazole and 0.5 g of 1 ,4-bis-2-(4-methyl-5-phenyl-oxazolyl) benzene per liter of toluene] were added to each vial.
After overnight equilibration in a freezer, the samples were counted in a Packard Tri-Carb liquid scintillation counter with careful adjustment of the positions of the discriminator reference controls and high voltage tap switch to obtain maximal efficiency with low background. Each sample was corrected (if necessary) for quenching with the proper internal standard, tritiated toluene or C'4 toluene, as described earlier (Gentry et al., 1962) .
Chelating agents. The effects of several chelating agents were determined on the in situ degradation of DNA. Ethylenediaminetetraacetate (EDTA; 0.5 mM) in tris(hydroxymethyl)aminomethane (tris) buffer (pH 8) was sterilized by autoclaving. L cells prelabeled with H3TdR were divided into two portions. One was inoculated with virus, the other with control material, as described in a previous section. After infection had progressed for 24 hr, samples were taken, and the contents of each flask were divided into two equal portions. The four separate specimens were centrifuged and resuspended in tris or tris-EDTA. Samples were taken at 30 and 48 hr for the radioactivity analyses. The number of viable cells was determined at each time period by plating as described previously. Similar experiments were conducted with 0.1 M EDTA and 0.015 M citrate.
RESULTS
H3TdR incorporation and recovery as thymine from DNA and cold acid-soluble fractions. Pertinent to over-all methods was the demonstration of incorporation of H3TdR into DNA thymine. H3TdR was added with EAV, and with the diluting medium, to a concentration of 0.4 ,uc/ml. Control cultures received isotope but not virus. After infection (48 hr), entire cultures (about 108 cells each) were harvested and fractionated into acidsoluble compounds, alkaline digests of RNA, and DNA. The DNA was hydrolyzed with 70% PCA, and the component bases were separated by paper chromatography, eluted, and quantitated by ultraviolet spectrophotometry (Gentry et al., 1960) . The radioactivity was determined by liquid scintillation counting of samples of eluents. Of the total radioactivity chromatographed, approximately 90% was recovered from the eluted thymine area of both infected and control material.
It was necessary to concentrate the acid-soluble fractions in vacuo before h.ydrolysis, and chromatography of the sample was controlled with VOL. 86, 1963 NUCLEIC ACID EFFECTS OF EQUINE ABORTION VIRUS adenine, guanine, cytosine, and thymine standards obtained from Calbiochem. Despite the fact that the fractions were concentrated and that all forms of thymine were hydrolyzed to the base, the spots representing thymine could not be seen with an ultraviolet lamp, but were cut out and eluted according to the standard spot. Of the activity chromatographed from both the control and the infected material, 84 '% was recovered in the thymine area.
Samples of the medium from infected cells wvere evaporated to dryness and extracted with 0.5 N PCA in the cold; 97 to 98% of the radioactivity was acid-soluble.
Percentage distribution of radioactivity in fractions of concurrently labeled and infected L-cell cultures. The total radioactivity of the 10-ml samples taken for analyses averaged 590,000 counts/min. The results given in Fig. 1 Fig. 1 .
The demonstration of specific activity as counts per min per ,ug of DNA (Fig. 2) is a more sensitive indicator of DNA synthesis at the early time intervals than percentage content of isotope as expressed in Fig. 1 Fig. 1 ). The data (Fig. 2) suggest that in infected cells the over-all synthesis of DNA was reduced. Alternatively, the same data would be obtained if TdR kinase was inhibited. The data in Fig. 4 DNA content in prelabeled L-cell cultures during EAV infection. The radioactivity of the 10-ml samples averaged 220,000 counts/min. The prelabeled cells were obtained as described above. One-half of the culture was infected; the other portion served as a control. The samples were centrifuged and separated into supernatant and cellular portions. The cells, after washing, were extracted with cold acid, and the residue was extracted twice with 0.5 N PCA at 90 C for 15 min. Portions (1 ml) were used for chemical analyses and scintillation counting. Although there was a progressive loss of radioactivity from DNA into the medium of infected cultures, in the control cells the radioactivity remained in the DNA (Fig.  3) . Because the control cells were growing and therefore synthesizing DNA, using nonradioactive thymidylate produced de novo, the specific activity was diluted progressively and more so than in the infected cells (Table 1) . At 48 hr, the cell number of the prelabeled control cultures had increased 1.7-fold, and the specific activity had decreased accordingly. Thus, decrease in specific activity is a good indicator of DNA synthesis. In  Fig. 4 , the dilution of specific activity was compared with the net amount of DNA determined by the colorimetric method of Burton (1956; diphenylamine reaction of Dische). In the infected cultures, there was no detectable increase in cell number, and the specific activity of the DNA did not change further after 24 hr, even though 53% of the radioactivity appeared in the medium at 48 hr.
The differences in the DNA synthesized, as shown by the two methods, require some explanation, particularly with regard to the dilution of specific activity. The data have shown that practically all of the radioactivity of the 10-ml sample of prelabeled cells was present in DNA. (Fig. 6) . The growth medium was not assayed for changes in the optical density, since it normally contains material of high ultraviolet absorbance. Furthermore, since RNA has been shown to decrease, the contribution of the possible breakdown products of RNA would need to be determined before the measurement of the specific activity of the acid-soluble pool would have any meaning.
Radioactivity of intracellular acid-soluble pool of E.4 V-infected cells, both concurrently labeled and prelabeled. The cold acid-soluble fraction was prepared as described in the preceding paragraph.
When H3TdR was added concurrently with the virus, the infected cells at 5 hr had taken into the acid-soluble fraction 1.5 times more isotope than had the normal cells (Fig. 6) (Fig. 6 ). L cells were grown in medium containing 0.05 pc/ml of thymidine-2-C04 for 48 hr, then divided into two parts. After having been rinsed free from isotope, one portion was infected, and the other served as a control. The radioactivities (percentage) of the fractions were approximately the same as those shown in Fig. 3 . Samples (10 ml) of cultures in Warburg flasks were assayed for C1402. Carrier CO2 (0.1 mM Na2CO3) was added to a duplicate set of samples.
In neither control nor infected cultures was activity above background, indicating no measurable catabolism of thymine. The procedure was checked with 0.1 ml of standard Na2C'402 with 98% recovery of C'402. The counting efficiency with C'4-toluene (New England Nuclear Corp., Boston, Mass.) as an internal standard was 67 %.
Effect of chelating agents on the degradation of DNA. The experiments previously cited concerning the degradation of DNA suggest that a deoxyribonuclease is functioning (but not necessarily the only nuclease), hydrolyzing the cellular DNA to acid-soluble components which leak out of the cell and accumulate in the medium. Figure  7 illustrates that this breakdown was greatly inhibited in 0.5 mM EDTA. In other experiments of the same design, but substituting 0.015 M citrate, the deoxyribonuclease activity was more efficiently inhibited, and no significant degradation occurred after 24 hr. EDTA (0.1 M) gave the same results as those obtained with 0.5 mM EDTA. The cells did not remain viable in any of the solutions, including tris buffer (100% nonviable by the plating technique). Killing of prelabeled control cells by repeated freezing and thawing followed by incubation at 37 C did not result in any greater degradation of DNA at 48 hr than that shown by control cells in tris buffer alone (6%). DISCUSSION In this study, it is evident that as a result of EAV infection incorporation of H3TdR into DNA is progressively inhibited (and DNA synthesis) in L-M cells in suspension culture. Old and young monolayers under a variety of conditions gave the same results (Randall, unpublished data) . In HeLa cells, however, Moore and Randall (1958) found that EAV infection of monolayers resulted in the increased synthesis of DNA.
Other studies with a DNA virus (vaccinia) that develops in the cytoplasm should be mentioned because of the diversity of results. Hanafusa (1960) reported that incorporation of H3TdR into DNA was inhibited in L cells infected with vaccinia virus, in contrast to Magee, Sheek, and Burrous (1960) and Green and Pina (1962) , who reported increased uptake during infection in HeLa and KB cells, respectively. Kit and Dubbs (1962) (Sinsheimer, 1960) . Lanni and McCorquodale (1963) If thymidylate produced by degradation of host-cell DNA is utilized to a significant degree as a precursor of viral DNA thymine, then the virus should be able to replicate independently of the normal host-cell production of thymidylate from deoxyuridylate by thymidylate synthetase. This step can be blocked selectively by 5-fluorodeoxyuridine (Hartmann and Heidelberger, 1961) or by amethopterin under suitable conditions (Rueckert and Mueller, 1960) . If the proposition stated above is correct, these drugs should fail to stol) viral replication. Furthermore, the ability to cause the degradation of host-cell DNA and to utilize the products may be a necessary requirement for DNA viruses replicating in the adult mammalian liver, which ordinarily has little ability to produce thymidylate by the endogenous route (Maley and Maley, 1961; Pitot and Potter, 1960 
